Abstract A set of experimental system to study hydrate dissociation in porous media is built and some experiments on hydrate dissociation by depressurization are carried out. A mathematical model is developed to simulate the hydrate dissociation by depressurization in hydrate-bearing porous media. The model can be used to analyze the effects of the flow of multiphase fluids, the kinetic process and endothermic process of hydrate dissociation, ice-water phase equilibrium, the variation of permeability, convection and conduction on the hydrate dissociation, and gas and water productions. The numerical results agree well with the experimental results, which validate our mathematical model. For a 3-D hydrate reservoir of Class 3, the evolutions of pressure, temperature, and saturations are elucidated and the effects of some main parameters on gas and water rates are analyzed. Numerical results show that gas can be produced effectively from hydrate reservoir in the first stage of depressurization. Then, methods such as thermal stimulation or inhibitor injection should be considered due to the energy deficiency of formation energy. The numerical results for 3-D hydrate reservoir of Class 1 show that the overlying gas hydrate zone can apparently enhance gas rate and prolong life span of gas reservoir.
Introduction
Gas hydrates are ice-like crystalline compounds in which gas molecules are encaged inside voids in a hydrogen-bounded lattice structure of water molecules under suitable conditions of low temperature and high pressure. It is estimated that 90% of the ocean bottom areas are suitable for hydrate formation, as are regions in and beneath the permafrost, which covers more than 27% of the earth's surface (Kvenvolden 1998) . The most conservative estimate of the total quantity of natural gas in hydrate is two times the energy contents of total fuel fossil reserves recoverable by conventional methods (Burshears et al. 1986 ). The successful coring of gas hydrate in the South China Sea in 2007 confirmed the existence of hydrate in that ocean area and the present estimate quantity of natural gas reserve in hydrate in the South China Sea is about 60-70 billion tons (Wu and Yao 2008) . In terms of characteristics and behavior, hydrate accumulations can be divided into three main classes (Moridis and Timothy 2003) . Class1 accumulations include two zones: the hydrate zone with low effective permeability because of high hydrate saturation in the pore space, an underlying two-phase fluid zone with mobile gas. Class 2 deposits feature two zones: a hydrate-bearing zone, overlying a mobile water zone with no free gas. Class 3 accumulations include a single hydrate-bearing zone with the impermeability cover and bottom layers. The Class 1 hydrate reservoir may be the most promising to be exploited first when gas is produced from the gas zone by depressurization. The Messoyakha gas field in Siberia is regarded as Class 1 accumulation in which about 36% gas production is believed to come from the overlying hydrate dissociation. Some field experiments in Prudhoe bay/Kuparuk river area of the United States, Mallik oil field of Canada, and Nankai trough of Japan have confirmed the existence of Class 1 hydrate reservoir. The gas hydrate accumulations in the South China Sea may belong to the Class 1 accumulations type. Holder and Patrick (1982) first reported the depressurization process of hydrate reservoir underlain by a gas zone and Burshears et al. (1986) extended Holder's work and offered some qualitative conclusions. However, the models used in their study were some what simple because of the limited understanding on gas hydrate behavior at that time. In recent years, more efforts have been put on gas hydrate and some perfect improvements have been made. The mathematical models used to describe the dissociation process in hydrate bearing porous media are developed from the simple Stefan's equations (Makogon 1997; Ji et al. 2003; Ahmadi et al. 2004; Tsypkin 2001 ) to the complex model combining multiphase fluids flows and dissociation kinetic process of hydrate (Moridis 2002) . Yousif et al. (1991) developed a threephase 1-D model to simulate the process of gas production from Berea sandstone samples containing methane hydrate by depressurization. For the first time, their model coupled the Kim-Bishnoi dissociation kinetic model. Moridis (2002) designed EOSHYDR2 by adding a module for hydrate dissociation into the TOUGH2 general-purpose reservoir simulator. It can model the flow of gas and water, the non-isothermal gas release, and phase behavior. Sun et al. (2005) developed a thermal, three-phase, 1-D model to simulate two regimes of gas production by depressurization: the dissociated-controlled regime and the flow-controlled regime. A dimensionless parameter namely dissociation-flow time-scale ratio was defined and employed to identify the two regimes. At large values, flow is a faster process and the system is increasingly controlled by dissociation; otherwise, the system is controlled by flow. Sun and Kishore (2006) developed a simulator for methane hydrate dissociation in porous media with the ice phase consideration and carried out 1-D and 2-D simulations. However, there was no experimental result found in their study. Tang et al. (2007) investigated 1-D gas hydrate dissociation behavior with the TOUGH-Fx/Hydrate without the ice phase consideration. Nazridoust and Ahmadi (2007) a newly developed Users' Defined Subroutines (UDS) to formulate and solve an axisymmetric model of the core. The corresponding multiphase gas-liquid flows during hydrate dissociation process were analyzed.
In a word, further effort should be made to improve the gas hydrate dissociation model under depressurization conditions, especially with the effect of water freezing and ice melting on gas production. In this article, gas hydrate dissociation experiments are first performed and then a mathematical model of gas dissociation is developed, in which the effects of multiphase (gas, water, hydrate, ice) flows, the kinetic process and endothermic process of hydrate dissociation, the variation of permeability, convection and conduction, the phase variation of hydrate, and ice on hydrate dissociation, and gas and water productions are considered. Then, the numerical results are compared with experiments to verify the mathematical and numerical models. Based on that, the dynamic process of gas production from Class 1 and Class 3 hydrate accumulations is studied.
Experiment Description
A set of experimental system used in this study for hydrate formation and dissociation was built in the Guangzhou Center for Gas Hydrate Research, Chinese Academy of Sciences. The schematic diagram of the experimental system is shown in Fig. 1 . It consists of seven units such as stable liquid and gas supplying, hydrate formation and dissociation, environment simulation, the backpressure regulator controlling, and computation and data acquisition units. The most important unit in this system is the hydrate formation and dissociation unit, which is a stainless vessel with length, width, and thickness of 380 mm, 380 mm, and 18 mm, respectively. It can be operated up to 15 MPa and is set in a big box with an air-conditioned equipment at a temperature range from −20 • C to 80 • C. Twenty-five temperature sensors are evenly arranged on one side of the stainless vessel in a manner of 5 × 5. On the other side of the vessel at the positions corresponding to temperature sensors, 25 capacitance units are laid to measure the capacitance between any two of them, with which the distribution variation of gas hydrate saturation with time and space can be detected. Three pressure sensors are evenly installed along the vessel diagonal with one of them located at the center and the other two at respective corner ports. A photograph of the vessel is shown in Fig. 2 . The data acquisition unit can record all the information varying with time, which includes the pressure, temperature, gas/water injection rate, and gas/water production rate. With this experimental system, the formation of gas hydrates in porous media and their dissociation in the case of depressurization, thermal stimulation, and inhibitor injection can be achieved.
During each experimental run, the dry sands are sieved into the size range of 300-450 µm and are pushed tightly into the vessel, resulting in the sediment with porosity around 40% and permeability of 1.97 darcy. The outlet valve is closed and the vessel is saturated with distilled water with a metering pump. Methane gas is then injected slowly up to a pressure that is sufficiently higher than the equilibrium pressure at the working temperature. At the same time, the data acquisition unit is started to acquire the data. The amount of injected distilled water and methane gas is recorded. The vessel is then closed and kept at a steady environmental temperature for more than 24 h to be certain that there was no leakage from the system. Then the temperature of the air bath is decreased to the working temperature. With the decrease of temperature in the vessel, the pressure in the vessel begins to reduce which means the formation of gas hydrates in porous media. When the pressure in the vessel stops decreasing and maintains to a steady value, the formation process of hydrates usually lasting for 2-3 days is completed. In the dissociation process, the temperature is kept invariably and the outlet valve is opened to lower the backpressure to a designed value that is lower than the equilibrium pressure at working temperature. The variations of such parameters as hydrate saturation, pressure, temperature, and water and gas rates with time are recorded.
Mathematical Models
In our model, three components (hydrate, methane, and water) and four phases (gas, water, hydrate, and ice) are considered. A three dimensional hydrate-bearing reservoir with length L, width W and thickness H is considered. In addition, some assumptions are made as follows: (1) the gas contained in hydrate is only methane, namely the gas hydrate in our assumed reservoir is SI type; (2) the ice phase contains only water component, water phase contains only water; (3) Darcy's law is valid for water and gas phases; (4) the diffusion and the dispersion are neglected in mass transportation. With these concerned, the mass balance equations of gas, water, and ice and hydrate phases are, respectively, given by
Here, ρ and s are the density and viscosity, respectively. The subscripts h, g, w, and I denote hydrate, gas, water, and ice phases, respectively. φ is the porosity; p w and p g are the pressures of water and gas phases, respectively; k g and k w are the permeabilities of gas and water phases, respectively; µ w and µ g are the viscosities of water and gas phases, respectively; m h ,ṁ g , andṁ w are the corresponding local mass rates of hydrate, gas and water produced per unit volume, respectively;ṁ I is the mass rate of ice melting or freezing per unit volume. q g and q w are written as
in which p f denotes the bottom pressure of the production well; r w and r ew the well and supply radii, respectively; δ(x, y, z) the Dirac function; x 0 , y 0 , and z 0 the coordinates of production well. The energy balance equation can be read as follows:
where
Here, C w , C h , C r , C I , C Vg , and C pg are the specific heats of water, hydrate, rock, ice, the constant volume and pressure specific heats, respectively; K w , K g , K r , K h , and K I the coefficients of thermal conductivity of water, gas, porous media, hydrate, and ice, respectively; H h and H I are the enthalpy changes in hydrate dissociation and ice melting or freezing, respectively; q e the energy conducted through cap and bottom formation.
The relationship of saturation satisfies
The water and gas pressures are related according to the capillary force equation:
In our model, the porous media and water are regarded to be slightly compressive, and their state equations are given by
where c w and c φ are the coefficients of compressibility of water and porous media, respectively; p w0 and p g0 the reference pressures of water and gas, respectively. The state equation of gas is
where Z is the gas deviation factor, m the mass of the gas, V the gas volume, and R the universal gas constant. Then we obtain the gas compressibility c g as follows:
The boundary conditions are
and the initial conditions are
where p i , s hi , s wi , and T i are the initial distributions of gas pressure, hydrate saturation, water saturation, and temperature, respectively; p gp and T gp are the pressure and temperature on the bottom of production well, respectively, and v gn and v wn are the gas and water velocities in normal direction on the boundary, respectively. In addition, some additional expressions are needed to describe the particular characteristics of gas hydrate dissociation in porous media.
Dissociation Kinetic Model of Gas Hydrate
The Kim-Bishnoi model is adopted to evaluate the local mass rate of gas generated by hydrate dissociation as follows (Kim et al. 1987 )
in which
Here A s is the specific surface area of porous media bearing gas hydrate; f is the local gas fugacity; f eq is the gas equilibrium fugacity; k 0i is the intrinsic dissociation constant that equals to 3.6× 10 4 mol/(m 2 · Pa · s), and E a the activation energy of hydrate dissociation given by E a /R = 9752.73K.
Absolute Permeability Model
During the gas hydrate dissociation, the volume occupied by the gas and water continuously varies with time, which leads to the variation of the absolute permeability. The power-law model proposed by Civan (2001) is used to describe the variation of the local absolute permeability
where k is the scalar value of local absolute permeability; φ 0 is the total porosity; k 0 is the reference absolute permeability corresponding to φ 0 ; φ e is the effective porosity defined as
, where the effect of saturations of water and ice phases on permeability is considered; β is the index parameter. As the value of β increases, k decreases faster with φ e .
Relative Permeability and Capillary Models
The relative permeability and capillary pressure are considered with the modification of Brooks-Corey model (Lake 1989 )
where k 0 rg and k 0 rw are the endpoint values of gas and water relative permeability, respectively; n G and n W are the exponential parameters for gas and water phases, respectively; p ce is the entry capillary pressure, and n c is the exponential parameter that describes the pore structure. With gas hydrate consideration, the saturations of water and gas are modified as follows: .
The Phase Equilibrium Model
The gas hydrate equilibrium equation can be read as (Moridis 2002 )
The effect of pressure on water-ice phase equilibrium is little because the magnitude range of pressure in sediment with the existence of gas hydrate is from 10 6 Pa to 10 7 Pa (Sloan 1998) . Therefore, the water-ice phase equilibrium equation can be simplified as
In the case of the existence of ice, the possible phase combination statuses can be icehydrate (I + H), gas-ice (G + I), gas-ice-hydrate (G + I + H), water-hydrate (W + H), water-gas-hydrate (W + G + H), water-ice-hydrate (W + I + H), water-ice-gas (W + I + G), and water-gas-hydrate-ice (W + G + H + I), etc. We can see that the appearance of ice phase complicates the problem.
The Endothermic Model of Hydrate Dissociation
The process of hydrate dissociation is an endothermic phase change process. The latent heat for per kilogram of hydrate in J/kg is given by (Kamath 1983 )
where A and B are constants given by A = −1,050 J/(kg · K) and B = 3,527,000 J/kg.
Numerical Solution and Verification of Mathematical Model
With water freezing and ice melting consideration, many phase combination statuses are involved in the hydrate dissociation system. The traditional simulation method, in which the unknowns are usually the same for each grid block at different times, is not the best choice under our hydrate system concerned. Therefore, the primary variable switch method (PVSM) is introduced to track the phase transition between water and ice phases (Sun and Kishore 2006) . The primary variables are defined as the unknowns that are to be solved directly from the governing equations. For each grid block, the primary variables are chosen from such usual variables as pressure, temperature, and phase saturations. In the depressurization system of gas hydrate dissociation, the pressure of gas phase is always chosen as a primary variable. The primary variables of phase saturations (water, gas, hydrate, and ice) are determined according to the phase combination status. The primary variables are switched according to the phase status and the switch is necessitated by the phase transition between water and ice phases. Table 1 presents the phase status and its corresponding primary variables in the water-rich phase.
In each time step, the phase status of each grid block is determined according to the results of the previous time step. Therefore, the primary variables in current time step can be chosen according to Table 1 and the corresponding governing equations are also determined. When the phase status of grid blocks is switched to Pha1, the governing equations of these grid blocks include Eqs. 1, 2, 3, and 4, in which the effect of ice phase disappears. When the phase status of grid blocks is switched to Pha2, the relevant governing equations of these grid blocks are Eqs. 1, 2, and 3. When the phase status of grid blocks is switched to Pha3, the governing equations corresponding to these grid blocks are Eqs. 1, 2, 3, and 4, in which the effect of water phase does not need to be considered. The finite difference method is used to discretize the governing equations. The convection terms are discretized with the upstream scheme and the diffusion terms with the second-order central difference scheme. The hydrate saturation is first solved explicitly; then the pressure is solved implicitly, followed by explicit solution of the water saturation. Finally, the temperature is implicitly solved. The detailed algebra equations and solution procedures can be seen in our previous published study (Bai et al. 2007 ).
To verify the mathematical model and numerical solution, the numerical results of 1-and 2-D hydrate dissociation systems by depressurization are compared with experimental results. Both the 2-D experimental results and the 1-D experimental results are obtained by us at he Guangzhou Center for Gas Hydrate Research, Chinese Academy of Sciences but not in our mentioned experimental system. The detailed information on 1-D hydrates formation and dissociation experiment system can be found in Tang's article (Tang et al. 2007 ). The main physical variable values used in 1-and 2-D models in numerical simulation are listed in Table 2 in which the values are determined by experiments. Figures 3 and 4 show the comparisons of cumulative gas volume and temperatures between numerical and experimental results for 1-D gas hydrate dissociation system under depressurization condition. Figures 5  and 6 show the comparisons of gas rate and pressure of numerical and experimental results for 2-D gas hydrate dissociation system under depressurization condition. We can see that the numerical results agree well with the experiments not only in 1-D, but also in 2-D system, which completes the validation of the mathematical model and numerical codes employed. 
Dynamic Process of Hydrates Dissociation
To clarify the dynamic process of hydrates dissociation in filed scale, let us first consider a 3-D gas hydrate reservoir of Class 3 with impermeability cap and bottom layers. Its main physical parameter values are listed in Table 3 . Figure 7 shows the spatial distributions of pressure, temperature, and saturations of water, gas, ice, and hydrate on the 46th day for the 3-D hydrate reservoir of Class 3 produced by 
depressurization in which the production well is located at the corner of the left hand side. We can see from these pictures that with the depletion of pressure in the hydrate-bearing formation, hydrates dissociate, temperature falls, gas and water saturations rise, and ice appears in the formation near the production well. Figures 8 and 9 show the variations of gas and water rates with time for a 3-D hydrate reservoir of Class 3 under depressurization. Obviously, the gas rate can be divided into three stages as follows. In the first stage, from the beginning of the depressurization to the 10th day in this case, gas rate increases rapidly. In this stage, large pressure gradient induced by the low pressure at the bottom of the production well drives much free initial gas flow into the well. On the other hand, enough energy can be supplied from the initial sensible heat of surroundings for gas hydrate dissociation, which causes initially rapid dissociation of gas hydrate. In the second stage which lasts for a relative long period, from the 10th day to the 80th day in this case, gas rate decreases slowly. The reasons can be generalized into Fig. 7 The distributions of pressure, temperature, and saturations on the 46th day in 3-D hydrate reservoir of Class 3 produced by depressurization in which the production well is located at the corner of the left hand side. Here, symbols pg, sw, sh, sg, si, and t denote pressure, water saturation, hydrate saturation, gas saturation, ice saturation, and temperature, respectively two aspects as follows. The primary reason is that the heat conductivity of hydrate-bearing formation including gas, water, ice, hydrate, and rock is relatively low, which restricts heat conduction. Therefore, the energy in surroundings can not transfer to the dissociation area to supply sufficient energy for further hydrate dissociation at a high rate. The other reason is that the free gas far away from the production well cannot flow to the vicinity of the well due to small pressure gradient, which also reduces the gas rate further. In the final stage, from the 80th day to the end in this case, gas rate decreases rapidly. At this stage, most hydrates have dissociated, which consume much sensible heat of formation, resulting in a low formation temperature. Thus, the dissociation of hydrate is slowed down, even interrupted. The low pressure at this stage also aggravates the reduction of gas rate. From the above analysis, we can see that field gas production from Class 3 hydrate reservoir only by depressurization may k=3.97e-14m -2 k=1.97e-13m -2
Fig. 10
The effect of absolute permeability on gas rate cause energy deficiency for hydrate dissociation. We can reasonably deduce that the feasible method to exploit Class 3 hydrate reservoir may be to utilize depressurization initially and then switch to other methods such as thermal stimulation or inhibitor injection, etc. The water rate can also be divided into three stages as shown in Fig. 9 : the first stage is from the beginning to the 50th day, the second stage from the 50th day to the 80th day, and the third stage from the 80th day to the end in this case. At the first stage, the water rate rises to the largest value but the tendency is relatively slow compared with the gas rate. Under a large pressure gradient, the flow ability of gas is superior to water, thus, gas occupies more flow path than water and flows to the well before the water. Only a small part of the water can flow to the production well during the period from beginning to the 10th day. After gas rate reaches the largest value, it begins to decay which leads to increase of water flow. Water generated by hydrate dissociation also increases with the depletion of formation pressure. On the 50th day, water rate reaches the highest value. At the second stage, water rate reduces because the dissociation amount of hydrates reduces, which directly results in the decrease of water generated. At the same time, water freezing appears on the 46th day and more ice forms with the depressurizing, which transforms some liquid water into solid ice state. In the third stage, the formation pressure is low, water freezes seriously and water generated by hydrate is less, which causes a rapid decrease of water rate. In this case, the highest water rate is 50 m 3 /d, which may imply that the de-water equipment is needed in field gas production from hydrate reservoir.
Effect of Main Physical Parameters on Hydrates Dissociation
In this section, the effects of some main physical variables such as absolute permeability, porosity, bottom pressure of production well, and hydrate saturation on gas, and water rates are analyzed. Taking the maximum absolute permeability of 3.97E−14 m 2 , 1.97E−13 m 2 , and 3.97E−13 m 2 as examples, the variations of gas and water rates with permeability are shown in Figs. 10 and 11. We can see that gas and water rates both increase with permeability, whereas the stable period of gas production reduces with the maximum absolute 
Fig. 11
The effect of absolute permeability on water rate permeability. With the maximum absolute permeability of 3.97E−13 m 2 , the stable period of gas production is from the 10th to the 80th day. With the maximum absolute permeability of 1.97E−13 m 2 , the stable period lasts from the 10th to the 170th day. With the maximum absolute permeability of 3.97E−14 m 2 , the gas production in our concerned time span is always stable. Obviously, the higher the maximum absolute permeability, the earlier the water rate reaches its maximum. Therefore, we can think that the space interval of production well should be enlarged with the maximum absolute permeability. Figures 12 and 13 show the variations of gas and water rates with time with the assigned porosities of 0.2, 0.3, and 0.35. We can see that gas and water rates both decrease, and stable periods of gas and water production both prolong with the increase of porosity. In our cases, the other parameters are kept identical except for the porosity. Therefore, the amount of gas hydrate contained per unit volume sediment increases with porosity and the sensible heat contained per unit volume sediment reduces correspondingly because the specific heat of rock is higher than that of hydrates. These imply that more energy is need for gas dissociation in large porosity case, which will cause temperature decrease severely in per unit sediment. Numerical results show that with porosity of 0.2, only a small area in reservoir is frozen and the maximum ice saturation is 0.4. With porosity of 0.35, most of reservoir area is frozen and the maximum ice saturation reaches up to 0.6. With the increase of porosity, hydrates dissociation slows under low temperature, and water flow capacity lowers due to the high ice saturation. The heat conductivity also decreases with porosity due to the low conductivity of hydrate, which further restricts the dissociation of hydrates. Figures 14 and 15 show the variations of gas and water rates with time when the bottom pressures of production well are 1.0, 2.0, and 2.5 MPa, respectively. We can see that gas rate does not increase with the reduction of bottom pressure of production well as what we originally supposed to be. The variation of gas rate with bottom pressures does not show a clear law. However, water rate increases with the decrease of bottom pressure of production well. The reason is that under the low production pressure, hydrates dissociate quickly in a short time which consumes a large amount of energy contained in sediment. Due to the restriction of heat conductivity of hydrate-bearing sediment, the energy in surroundings cannot transfer to the areas with low temperature caused by hydrates dissociation, which may cause these areas to become frozen, resulting in blockage of some pore space. Numerical results show that with the bottom pressures equal to 2.5, 2.0, and 1.0 MPa, the corresponding maximum ice saturations are 0.16, 0.38, and 0.6. Therefore, the bottom pressure of production well should be assigned an appropriate value in accordance to the reservoir characteristics rather than blindly reduced to a low value. Prod=2.0MPa
Prod=2.5MPa Fig. 15 The effect of bottom pressure on water rate
With hydrate saturations equal to 0.42, 0.62, and 0.72, Figs. 16 and 17 demonstrate the variation of gas and water rates with time. We can see that when the gas rate is reduced, the stable period of gas production is prolonged and water rate increases with the increase of hydrate saturation. Numerical results show that when hydrate saturation is 0.42, no ice appears in hydrate reservoir, which means the sensible heat contained in hydrate bearing sediment can supply enough energy for hydrates dissociation. When hydrate saturations are 0.62 and 0.72, the corresponding maximum ice saturations are 0.6 and 0.72, respectively. The reasons can be as follows: on the one hand, high hydrates saturation denotes low permeability which limits the pressure drops spreading in sediment, thus restricting the flow of initial free gas and reducing the dissociation zone and gas rate. On the other hand, high hydrate saturation indicates a large amount of energy needed for hydrate dissociation. However, the heat conductivity decreases with hydrate saturation, which may cause low temperature in sediment. Under low temperature, the driving force of hydrate dissociation reduces, which decreases the gas rate, but prolongs the stable period of gas production. The ice blockage of the flow path in porous media aggravates the reduction of the gas rate.
Simulation on Hydrate Reservoir of Class 1

Dynamic Process of Depressurization
Now, let us consider, gas production from a hydrate zone underlain by a free gas zone (Class 1). The thickness, hydrate and water saturations, initial temperature and initial pressure of overlying hydrate zone are 30 m, 0.62, 0.1, 280 K, and 6.0 MPa, respectively. The thickness, initial gas saturation, water saturation, and initial pressure of the underlain free gas zone are 30 m, 0.9, 0.1, and 6.0 MPa, respectively. The other relevant physical parameters are listed in Table 3 . Figure 18 shows the distributions of pressure, temperature, and saturations on the 116th day in overlying hydrate zone and underlain free gas zone in 3-D hydrate reservoir produced by depressurization in which the production well is located at the corner of the left-hand side and its bottom pressure is 1.0 MPa. Here, symbols pg, sw, sh, sg, si, and t denote pressure, water saturation, hydrate saturation, gas saturation, ice saturation, and temperature, respectively. Numerical results show that in the early stage, pressure is mainly depleted in the free gas zone because of its higher permeability than that of the hydrate zone. When gas pressure in the free gas zone is reduced to below the equilibrium pressure of hydrates at local temperature, hydrates in the interface between gas zone and hydrate zone begin to dissociate and the permeability increases accordingly. The temperature in this interface is also decreased because of the endothermic dissociation process of the hydrate phase change. The dissociation gas and water flow to the gas zone under the driving of vertical pressure difference due to different permeability distribution in vertical direction and the heat flows to the dissociation area from surroundings. The fluids flow and heat transfers under the generated pressure and temperature gradients to further accelerate hydrate dissociation. During the depressurization, ice first appears in the interface between hydrate zone and gas zone and then spreads upward into internal hydrate zone with the dissociation of hydrates. In general, hydrates dissociate mainly along two directions: vertical dissociation from the interface between hydrate zone and gas zone upward into the internal hydrate zone, radial dissociation from the well bore to the surroundings. Therefore, we can reasonably deduce that, if the target is to enhance gas production, then the hydrate interval should also be opened as that in the free gas zone. If the hydrate zone is the cap rock only, then in terms of safety of gas production, the hydrate zone should not be opened. Figure 19 shows the variations of total gas rate and hydrate dissociation gas rate with time when the bottom pressure is 1 MPa. The so-called total gas rate is defined as the produced gas volume from production well per day (m 3 /day). The so-called hydrate dissociation gas rate is defined as gas volume generated by hydrates dissociation form production well per day (m 3 /day). Obviously, it is always less than the total gas rate. We can see that in early stage the total gas rate is very high, then decreases quickly and tends to a stable value with time because of the supplying gas generated by the hydrates dissociation in overlying hydrate zone. The hydrate dissociation gas rate can be divided into three stages in the case concerned. In the first stage lasting from the beginning to the 40th day, the hydrate dissociation gas rate increases and reaches up to its largest value. At this stage, with the depletion of pressure in gas zone, the driving force for hydrates dissociation increases, thus causing rapid hydrates dissociation. At the second stage from the 40th to the 160th day, the hydrate dissociation gas rate nearly remains stable. At this stage, though the temperature is lower than that the first stage, the dissociation extends to relatively large area with the pressure depletion in hydrate and free gas zones, which results in a stable dissociation gas rate and total gas rate. At the third stage from the 160th to the end, the hydrate dissociation gas rate decreases severely. At Fig. 18 The distributions of pressure, temperature, and saturations on the 116th day in overlying hydrate zone and underlain free gas zone in 3-D hydrate reservoir by depressurization in which the production well is located at the corner of the left-hand side. Here, symbols pg, sw, sh, sg, si, and t denote pressure, water saturation, hydrate saturation, gas saturation, ice saturation, and temperature, respectively Fig. 20 The comparisons of instantaneous and cumulative ratios of dissociation gas volume under bottom pressure of 1.0 MPa this stage, the temperature of hydrate zone is very low, which means the low phase equilibrium pressure of hydrate. Therefore, the driving force of hydrate dissociation is very small, resulting in the decrease of hydrate dissociation gas rate, and the total gas rate. Figure 20 shows the variations of instantaneous ratio and cumulative ratio of dissociation gas volume with time when the bottom pressure is 1.0 MPa. The instantaneous ratio of The comparisons of gas rate under different bottom pressure dissociation gas volume is defined as the ratio of the dissociation gas rate to the total gas rate. The cumulative ratio of dissociation gas volume is defined as the ratio of cumulative volume of dissociation gas to cumulative gas volume. We can see from Fig. 20 that with the production of gas, the instantaneous ratio of dissociation gas volume reaches its maximum value of 0.5 on the 40th day, then nearly maintains the stable value to the 160th day, and rapidly decreases to about 0.2. The cumulative ratio of dissociation gas volume is up to 35%, which implies that the overlying gas hydrate zone can apparently enhance gas rate and prolongs the life span of gas reservoir.
Effect of Bottom Pressure of Production Well
Figures 21 and 22 show the comparisons of gas and water rates with bottom pressure equal to 1, 3, and 5 MPa. We can see that gas and water rates both increase with the decrease of bottom pressure. When the bottom pressure is 5 MPa, water is not produced at the early stage from the beginning to the 20th day. The reasons are that the water mobility is relatively weak under small pressure gradient due to high bottom pressure, especially with the small water saturation assigned. On the other hand, only a small part of hydrates dissociate at the early stage, indicating that less water is produced. Figure 23 shows the comparisons of dissociation gas rate with bottom pressure equal to 1, 3, and 5 MPa. We can see that, the dissociation gas rate increases with the decrease of bottom pressure. The reason is that the initial free gas is quickly produced under low bottom pressure, which causes the pressure drops to spread fast in reservoir zones, resulting in a large amount of hydrates dissociation in an extensive area. Figure 24 shows the comparisons of instantaneous ratio of dissociation gas volume with bottom pressure equal to 1, 3, and 5 MPa. It can be found that the maximum instantaneous ratios of dissociation gas volume under different bottom pressures are nearly the same, though the time up to the maximum value is different. In our cases, the times that the instantaneous ratio reaches up to the maximum value are, respectively, the 40th, 60th, and 200th day. Numerical results also show that cumulative volume of dissociation gas increases with the reduction of bottom pressure. In filed production for the hydrate reservoir of Class 1, a too high pressure difference between reservoir and bottom of production well will lead to some problems, e.g., sanding, equipment eroding, and early-water breakthrough. However, too small pressure difference will limit hydrates dissociation as mentioned above. Therefore, the ideal production method for Class 1 is that the high bottom pressure is first used for an appropriate period and then the low bottom pressure is considered. We take case1, case2, and case3 as three examples to analyze the gas and water rates. To compare conveniently, the bottom pressure from the beginning to the 70th day are all assigned as 5 MPa in these cases, and from the 70th day to the end, the bottom pressures are in turn adjusted as 1, 2, and 3 MPa for case1, case2, and case3, respectively. Figure 25 (a-d) shows the comparisons of gas rate, water rate, dissociation gas rate, and cumulative ratio of dissociation gas volume for case1, case2, and case3, respectively. We can see that from the beginning to the 74th day all the data are the same for three cases. The gas rate decreases rapidly, dissociation gas rate is very low, and the instantaneous and cumulative ratios of dissociation gas volume are respectively only 0.2 and 10% because of the small pressure difference. After the bottom pressure is adjusted, the gas rate and water rate immediately increase and reach up to the maximum values. The lower the bottom pressure, the higher the rate is. The dissociation gas rate also increases with the decrease of bottom pressure. However, the dissociation gas rate reaches the maximum on the 100th day rather than immediately. The cumulative ratio of dissociation gas volume increases with the reduction of bottom pressure. For case 1, the cumulative ratio of dissociation gas volume reaches 35%, indicating the overlying hydrate zone can apparently improve gas production.
Conclusions
In this article, the experimental study and numerical simulations of hydrate dissociation are carried out. A mathematical model is developed to interpret the hydrate dissociation by depressurization in hydrate-bearing porous media. The model can explain the effects of the flows of multiphase fluid, the kinetic, and the endothermic process of hydrate dissociation, ice-water phase transition, convection and conduction on the hydrate dissociation, and gas and water production. The numerical results of 1-and 2-D hydrate dissociation systems are Fig. 25 The comparisons of gas rate, water rate, dissociation gas rate, and cumulative ratio of dissociation gas volume under different bottom pressures consistent with the experiments, which completes the verification of the mathematical model and numerical solution proposed in this study.
Based on this verification, a 3-D hydrate reservoir of Class 3 by depressurization is studied. The evolutions of pressure, temperature, saturations of water, ice, gas, and hydrates are presented. The effects of some main physical parameters on gas and water rates are analyzed. The results show that gas production from hydrate reservoir of Class 3 only by depressurization in field may cause energy deficiency for hydrate dissociation. We can reasonably deduce that the feasible method to exploit hydrate reservoir of Class 3 may be to adopt depressurization initially and then switch to other methods such as thermal stimulation or inhibitor injection, etc. Computational results may also imply that the de-water equipment is needed in field gas production from hydrate reservoir.
Gas production from a hydrate zone underlain by a free gas zone (Class 1) by depressurization is numerically studied. The evolutions of pressure, temperature, saturations of water, ice, gas, and hydrates in hydrate zone and gas zone are elucidated and such physical parameters as gas and water rates, and dissociation gas rate in 3-D hydrate reservoir are presented. The effects of bottom pressure of well bore on gas rate, water rate, dissociation gas rate, instantaneous ratio, and cumulative ratio of dissociation gas volume are analyzed. Results show that the overlying gas hydrate zone can apparently enhance gas rate and prolong the life span of gas reservoir.
